Abstract. We construct a 9-year data record (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) of the tropospheric specific humidity 21 (SH) using Global Positioning System radio occultation (GPS RO) observations from the 22 Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) mission. show that the RO observations capture the seasonal and interannual SH variability as all other 32 data sets. On average, the JPL-RO SH agrees with both reanalyses to within 10%, is overall 33 larger than all data sets, having maximum differences with AIRS by ~10-30%, and is almost 34 twice as wet as all other data sets in the middle-to-upper troposphere at the subtropics. The 35 UCAR-RO SH also agrees with both reanalyses and AIRS, but is systematically drier than all 36 other data sets. Provided the estimated differences between the RO observations and the rest of 37 the data sets, together with the retrieval uncertainty of the SH products from all data sets, we 38 conclude that RO observations are a valuable independent observing system, which could 39 augment independent reanalyses and satellite platforms. We anticipate that the COSMIC-2 40 mission will increase the observational sampling; thus, improving the coverage and quality of the 41 observed SH climatology. 42 43
Introduction 44
The Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5) 45 [Flato et al., 2013] documented that identifying the vertical structure of humidity is subject to 46 great uncertainty, because dynamical processes that cannot be captured by one sensor alone drive 47 water vapor. Hence, we ought to quantify and understand the degree of agreement of the water 48 vapor concentration throughout the vertical extent of the troposphere among different sensors, in 49 order to improve the representation of the Earth's atmospheric humidity content that is key to 50 predicting future climate [Hegerl et al., 2015] . 51
To-date, ground-and space-based platforms, reanalyses, and model simulations do not 52 provide precise knowledge of the water vapor's concentration, or its trends over time, in multiple 53 regions of the Earth's atmosphere [Sherwood et al., 2010] . This is because of the combination of 54 different reasons that include: (a) sampling bias due to cloudiness, deep convection, or surface 55 emissivity variations; (b) biases due to limited local time coverage, or random observations 56 versus volume-filling scans; (c) coarse spatial resolutions, and (d) misrepresentation of the 57 planetary boundary layer's (PBL) moisture content [Hannay et al., 2009] 
that induces errors in 58
the lower-to-middle troposphere moist convection. 59
In particular, infrared (IR) space-based platforms have a coarse vertical resolution (e.g., 60
2.0-3.0 km), are prone to cloud contamination [Fetzer et al., 2006] , and tend to be low biased 61 over wet and dry humidity extremes [Fetzer et al., 2008; Chou et al., 2009] . The use of IR 62 observations in the lower troposphere still remains a challenge, due to the decreasing information 63 content and the difficulty detecting low-cloud contamination [Schreier et al., 2014] 
information. 136
We use GPS RO-derived SH products from both the UCAR and the JPL processing 137 centers, which follow different processing techniques to retrieve the SH products. Although this 138 study does not focus on these differences, we ought to note that UCAR adopts a variational 139 assimilation method, which requires a-priori knowledge of the atmospheric water vapor content 140 (provided by ERA-Interim), implying that the derived SH products may be subject to error 141 characteristics of the initial humidity conditions. On the other hand, JPL uses the refractivity 142 
146
Where N (unitless) is the refractivity, P (mbar) is the pressure, T (K) is the temperature, 147 and e (mbar) is the GPS-RO-derived water vapor pressure. The retrieval errors of the JPL SH 148 products do not contain a-priori humidity information, but are subject to errors in the a-priori 149 temperature information, which is provided by the ECMWF Tropical Ocean and Global 150
Atmosphere (TOGA) database. Because Eq. (1) requires that both the RO and the ECMWF data 151 sets be reported at the same pressure levels, we interpolate the temperature profiles into the 152 vertical grid of the RO profiles using linear interpolation. 1/2-degree x 2/3-degree latitude-longitude grid and 42 vertical pressure levels. In the 162 troposphere, the vertical pressure resolution from the surface up to 700 hPa is 25 hPa, whereas 163 from 700 hPa until 300 hPa the vertical resolution is 50 hPa. MERRA is a NASA analysis that 164 assimilates satellite observations using the Goddard's Earth Observing System (GOES) version 
Atmospheric Infrared Sounder 181
We use the AIRS/AMSU v6 Level-3 data [Tian et al., 2013a] and analyze the monthly 182 gridded SH product given in a 1-degree x 1-degree latitude-longitude grid, which extend from 183 the surface up to 100 hPa in 12 vertical pressure levels (~ 2.0 km vertical resolution). The latest 184 AIRS v6 SH products are now available at standard pressure levels. The vertical resolution is 185 between the surface up to 850 hPa is 75 hPa; between 700 hPa and 300 hPa the vertical 186 resolution decreases to 100 hPa, and above the 300 hPa pressure level up to 100 hPa the vertical 187 resolution is 50 hPa. The AIRS physical retrievals use an IR-microwave neural net solution 188 [Blackwell et al., 2008] estimated RO SH differences of ~0.1 g/kg compared to ECMWF. GPS-RO air refractivity 207 accuracy of <1.0% at 2.0 km altitude [Schreiner et al., 2007] reduces to ~0.2% above 5.0 km 208 [Kuo et al., 2005] . Given the air refractivity accuracy and a temperature error of ± 1.0 K, the 209 JPL-RO SH is retrieved within ~0.2-0.4 g/kg accuracy at the tropics [Vergados et al., 2014] . 210 MERRA assimilates various observational data sets and the SH accuracy is a function of the 211 accuracy of the assimilated products. In general, the MERRA SH retrievals are accurate to ~20% 212 [Rienecker et al., 2011] . AIRS estimated SH product accuracies are typically ~25% at p > 200 213 hPa [Fetzer et al., 2008] , and ERA-Interim SH products have an estimated accuracy of ~7-20% 214 in the tropical lower-to-middle troposphere [Dee et al., 2011] . 215 216
Results and Discussion 217
We divide this section into three sub-sections that represent the three tropical climate 218 environments we analyze, each of which exhibits different atmospheric dynamic properties. In 219 each sub-section, we study the long-term SH in terms of its: a) annual and interannual variability 220 and trend, and b) deviations with respect to our center's SH values (JPL-RO). The time series 221 represent monthly zonal averages of the SH at individual pressure levels from the lower up to the 222 middle troposphere: 700 hPa, 600 hPa, 500 hPa, and 400 hPa. We do not extend our analysis at 223 higher altitudes due to the small contribution of water vapor on to the RO observations. We use 224 the JPL-RO SH values as reference to quantify all statistics with respect to the rest of the data 225 
and 400 hPa over the ascending branch of Hadley cell (15S-15N) (top row), the trade 230 winds belt (15NS-30NS) (middle), and the descending branch of Hadley cell at the subtropics (30NS-231 40NS) from JPL-RO (green), UCAR-RO (red), MERRA (blue), ERA-Interim (orange), and AIRS (cyan). 232

Analysis of the SH at the ascending branch of the Hadley cell 233
The latitude belt within ±15 o encompasses the ascending branch of the Hadley cell 234 circulation. Moist air masses from both hemispheres converge within this narrow equatorial 235 region, collide, and lead to heavy precipitation. The amount of the latent heat released during 236 rainfall warms the air driving strong rising motions, deep convection, and high cloud formation. 237
The top row in figure 1 presents statistical information about the median, the interquartile 238 range (IQR), and the minimum and maximum values of the SH time series over the entire 239 observational record for all data sets throughout the vertical extent of the troposphere. Figure 2  240 shows details about the variability of the monthly zonal mean SH and Table 1 PART III: Linear regression fits of SH anomalies with 2-sigma uncertainty, g/kg/month
In the lower troposphere, above the planetary boundary layer, the JPL-RO observations 248 show almost the same mean SH value as MERRA ~ 6.0 g/kg (at 700 hPa) and ~ 4.0 g/kg (at 600 249 hPa) with the two data sets differing by < 1.0% and < 4.0% at the respective pressure levels (cf., 250 Table 1 ) marking an excellent agreement between JPL-RO and MERRA. The UCAR-RO, 251 AIRS, and ERA-Interim are in a very good agreement with one another differing by < 3.0% and 252 all show that the lower troposphere is ~ 7.0-10% drier than what the JPL-RO and MERRA data 253 sets indicate. This dryness is more pronounced at 600 hPa. These differences are statistically 254 significant within the 2-sigma uncertainty. In the middle troposphere, at 500 hPa and 400 hPa, 255 MERRA, ERA-Interim, and UCAR-RO agree very well capturing ~ 2.0-2.1 g/kg SH. However, 256 the middle troposphere air appears to be moister in the JPL-RO data set than in the UCAR-RO 257 and the two reanalyses by < 5.0-9.0%, which falls within the Vergados et al. [2014] uncertainty 258 SH retrieval. AIRS is the driest among all data sets by < 10%, and its dryness becomes more 259 apparent at 400 hPa. These discrepancies are statistically significant within the 2-sigma 260 uncertainty. 261
The AIRS dry bias over the ITCZ [Hearty et al. 2014 However, the cold bias in the ERA-Interim becomes small with altitude and reduces to almost 278 zero at 500 hPa, and ERA-Interim starts showing a warm bias with respect to MERRA at 300 279 hPa by ~ 0.1-0.3 K [Simmons et al., 2014] . This temperature bias between the two reanalyses 280 could possibly explain why the two reanalyses begin to estimate similar SH values at 500 hPa 281 and 400 hPa. 282
The fact that the UCAR-RO data set seems to consistently agree with ERA-Interim at all 283 altitudes could be the result of the variational assimilation technique adopted by the UCAR 284 center, which uses ERA-Interim humidity information as the a-priori. The systematic wetter air 285 shown in the JPL SH values could be due to the warm bias in ERA-Interim above 500 hPa that 286 leaks through the retrieval process of JPL's SH products (Eq. 1). 287
Despite the differences in the absolute value of the SH among the five different data sets, 288
figure 2 shows that all data sets capture the same variability patterns, which exhibit clear 289 signatures of an annual SH cycle. After computing the annual cycle for each data set and 290 removing it from the time series, we estimate the respective SH interannual anomalies. The 291 amplitude of these anomalies fluctuates around ±0.4 g/kg at 700 hPa, whose amplitude decreases 292 to ±0.1 g/kg at 400 hPa. The interannual anomaly variations for all data sets in the middle 293 troposphere correlate strongly (> 0.8) with those in the lower troposphere, but have smaller 294 amplitude. The SH interannual anomalies for all data sets also show a moderate cross-correlation 295 (> 0.5) with the monthly mean southern oscillation index (SOI), when using a 5-month lag, 296 demonstrating that climate modes influence the troposphere in its entirety. 297
Based on a linear regression fit and a Student t-test statistical analysis at the 95% 298 confidence level (criteria: p < 0.05 and 2-sigma) of the SH interannual anomalies, we find that 299 JPL-RO and MERRA suggest no increase in the amount of SH with time between 700 hPa and 300 400 hPa (cf., Table 1 ). Contrary to that, the UCAR-RO and ERA-Interim data sets indicate a 301 gradual increase of the absolute amount of SH throughout the vertical extend of the troposphere. 302
The increase is faster at 700 hPa and slows down with height, with UCAR-RO systematically 303 indicating faster moistening than ERA-Interim. The AIRS data sets show an increase of the SH 304 at 700 hPa and 600 hPa at a rate similar to that of ERA-Interim, but no SH increase at 500 hPa 305 and above. 306 In the lower troposphere, above the boundary layer, we notice different behaviors in 313 terms of the data sets' agreement compared to our analysis of the SH in the deep tropics. In 314 particular, there is a statistically significant disagreement between the JPL-RO and MERRA data 315 sets of ~ 10% (at 700 hPa) and ~ 3.5% (at 600 hPa), with MERRA being the wetter of the two. 316
The JPL-RO data set agrees very well with both the ERA-Interim and the AIRS data sets having 317 differences of ~ 1.0% (at 700 hPa) and ~ 2.0-3.0% (at 600 hPa); but, these difference are 318 statistically insignificant. The UCAR-RO data set continues to be the driest among all data sets 319 having statistically significant differences of ~ 15% (at 700 hPa and 600 hPa) and ~ 5.0% (at 700 320 hPa) to ~ 10% (at 600 hPa) with respect to MERRA and JPL-RO, respectively (cf., Table 2 ). In 321 the middle troposphere, the summer season in the JPL-RO data set in noticeably wetter by ~ 322 4.0% than the rest of the data sets (cf., figure 4c) and this wetness becomes more pronounced at 323 zone is weaker and decreases with altitude compared to that estimated for the deep tropics. We 359 suggest that this may be linked to the strength of the convection over the trade winds zone, which 360 is weaker than that found over the deep tropics; thus, establishing a weaker vertical connection. 361
Unlike the deep tropics, the SH interannual anomalies of all data sets show a weak cross-362 correlation (< 0.3) with the monthly mean SOI, when using a 5-month lag (and the cross-363 correlation is even smaller at 0-month lag). 364
Based on a linear regression fit and a Student t-test statistical analysis (criteria: p < 0.05 365 and 2-sigma) of the SH interannual anomalies, unlike the deep tropics, all data sets indicate no 366 change in the amount of the SH up to 400 hPa with time (cf., Table 2 ). Contrary to the deep 367 tropics, the linear regression fit slopes are negative, with the MERRA and AIRS data sets 368 indicating a gradual SH decrease in the lower troposphere at 700 hPa and 600 hPa. 369 370
Analysis of the SH at the subtropics 371
The ±30-40 o latitude belt, in both hemispheres, defines the subtropics where dry air 372 masses descend from the Hadley cell. These moderate-to-strong subsidence regions exhibit low 373 cloud formation (especially during the summer months), while favoring formation of low-374 altitude marine boundary layer (MBL) clouds. 375
In the subtropics, the interquartile range and 1-sigma uncertainty of the MERRA, ERA-376
Interim, and AIRS data sets at 700 hPa and 600 hPa is ~ 50% larger than those estimated for the 377 deep tropics and the trade winds zones (cf., figure 1 ; bottom row), indicating much larger 378 variability of the monthly zonal mean SH in the lower troposphere over dry air regions. 379 
382
The interquartile ranges for the JPL-RO and UCAR-RO data sets do not show any 383 differences among the three climate zones, suggesting that RO observations show smaller 384 variability in the SH than the two reanalyses and the AIRS data sets regardless of the climate 385 zone and dynamics. 386
At the subtropics, similar to the trade winds zones, at 700 hPa, the JPL-RO data set 387 agrees very well with the ERA-Interim and the AIRS data sets within < 2.5% (statistically 388 insignificant), and but is drier than MERRA by 8.0% (statistically significant). Again, the 389 UCAR-RO data set is the driest among all data sets by ~ 8.0% (statistically significant); 390 however, during the autumn and winter seasons it agrees very well with the AIRS observations 391 throughout the entire time period (cf., figure 6) but during spring and summer AIRS captures 392 wetter air than UCAR-RO. Moving higher into the troposphere, at 600 hPa, the JPL-RO data set 393 agrees very well with both reanalyses differing by < 2.0% (statistically insignificant), but it is 394 now statistically wetter than the AIRS data set by ~ 7.0%. In particular, the JPL-RO data sets 395 capture almost the same month-to-month zonal mean SH values with the two reanalyses during 396 autumn and winter, and the AIRS data set is in excellent agreement with the UCAR-RO data set 397 during the same seasons. The UCAR-RO data set continues to be the driest among all data sets 398 by > 10% with respect to both reanalyses and the JPL-RO data set, but it is statistically the same 399 with AIRS differing by < 3.0%. 400
In the middle troposphere, the JPL-RO data set starts indicating that the air is moister 401 than all other data sets by > 4.0%, and this wetness becomes much more pronounced at 400 hPa 402 with the JPL-RO data set indicating that the atmosphere is wetter by > 30% with respect to the 403 rest of the data sets. The JPL-RO time series defines the maximum SH values at 500 hPa and 404 400 hPa, while the AIRS data set sets the minimum SH values at the respective pressure levels, 405 with the two reanalyses and the UCAR-RO data sets lay in between the JPL-RO and the AIRS 406 data sets. MERRA and ERA-Interim are statistically in excellent agreement with one another at 407 500 hPa differing by ~ 2.0%. The UCAR-RO data set is systematically drier with respect to the 408 two reanalyses during the summer season by ~ 7.0% (with ERA-Interim) and ~ 4.5% (MERRA). 409
This dryness might be causing the UCAR-RO data set to appear statistically different with 410 respect to MERRA and ERA-Interim. At 400 hPa, all data sets are statistically different from 411 one another within 2-sigma; yet, the UCAR-RO data set is in close agreement with MERRA 412 (during spring and summer) and ERA-Interim (during autumn and winter). 413 difference, although it is statistically significant at the 95% confidence level, falls within JPL's 465 retrieval uncertainty [Vergados et al., 2014] . Given the above, the RO observations could 466 augment the reanalyses and satellite observations by providing an independent data set to study 467 short-term SH variations, which are critical to the study of water vapor trends, and climate 468 sensitivity, variability, and change. Although RO observations capture very well the SH 469 variabilities and trends with time, we ought to point out that there exist discrepancies among the 470 data sets over certain seasons and climate regions that introduce statistically significant 471 differences in the amount of tropospheric SH measured by each data set. 472
Figure 6. Same as figure 2, but the results reflect SH trends in the subtropics at 30NS-30NS. 415
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Figure 7. Same as figure 3, but the results reflect SH trends in the subtropics ±30-40NS region. 417
In the middle-to-upper troposphere, at 500 hPa and 400 hPa, we notice that over all 473 climate zones (despite the convection strength), the JPL-RO data set is the moistest than all data 474 sets, the AIRS data set is the driest than all data sets, and the UCAR-RO data set agrees very 475 well with both the ERA-Interim and MERRA reanalyses. Given the AIRS dry bias in the upper 476 troposphere [Fetzer et al., 2008] , potential warm temperature bias in the JPL retrieval algorithm, 477 and the fact that the UCAR-RO variation assimilation uses ERA-Interim as a-priori, we could 478 explain part of the observed differences and data set agreement. We must point out that the JPL-479 RO observations systematically show moister air during the summer throughout the entire time 480 period, which could also explain the observed overall wet bias with respect to the rest of the data 481 sets. Over the deep tropics, the UCAR-RO and ERA-Interim data sets show a positive trend in 482 the SH interannual anomalies at the 95% confidence level, but the rest of the data sets indicate no 483 trend. Over the trade winds zones, all data sets indicate no trend in the SH interannual anomalies 484 at the 95% confidence level. Over regions of strong subsidence, the JPL-RO and AIRS data sets 485 do not indicate any trend in the SH interannual anomalies, but the UCAR-RO and the two 486 reanalyses suggest a positive trend. 487
Unlike the middle-to-upper troposphere, where the agreement and disagreement among 488 data sets is consistent over all climate zones, in the lower-to-middle troposphere there is a 489 complex behavior of discrepancies. We speculate that this might be because the 700 hPa pressure 490 level lies above the planetary boundary layer that interfaces with the free troposphere via 491 convection and entrainment. This implies that the SH measured by each data set might be 492 susceptible to the degree which each data set represents this vertical coupling. 493
In particular, over the ±15 o (where the troposphere is subject to deep convection), the 494 JPL-RO observations agree very well with MERRA (which does not assimilate ROs), while the 495 UCAR-RO, ERA-Interim, and AIRS agree much better with one another. We argue here that 496 ERA-Interim produces less total cloud fraction than MERRA. Considering that UCAR-RO and 497 AIRS use ERA-Interim as a-priori, we might explain why UCAR-RO, ERA-Interim, and AIRS 498 capture drier air than MERRA. Although the comparison between the JPL-RO and UCAR-RO 499 data sets is not the focus of this study, considering the above discussion, we could argue that 500 because the JPL-RO and MERRA data sets are independent measurements, the UCAR-RO, 501 ERA-Interim, and AIRS underestimate the amount of SH during deep convection in the lower 502 troposphere. Over the trade winds zones, in the ±15-30 o , the JPL-RO observations are in very 503 good agreement with ERA-Interim, AIRS, and MERRA (except at 700 hPa), whereas the 504 UCAR-RO observations are again drier than all data sets. Over the subtropics, where dry air 505 masses descend through the Hadley cell, the JPL-RO observations agree very well with MERRA 506 and ERA-Interim, while the UCAR-RO data set agrees better with AIRS. 507 In all climate zones the UCAR-RO, together with the AIRS data set, systematically show 508 drier air in the lower troposphere than all other data sets. Aside from the AIRS low-cloud 509 contamination [Schreier et al., 2014] , this behavior could indicate that both AIRS and UCAR-510 RO data sets may not be sensitive enough to properly capture high-moisture air rising from the 511 boundary layer beneath, either due to entrainment and/or convective limitations. This study 512 exploits the short-term RO SH data record in an attempt to quantify differences between the RO 513 time series and other data sets. More detailed statistical analysis is required between the SH 514 products among different RO processing centers to define its structural uncertainty. The reduced 515 daily sampling of the COSMIC missions may be also a limiting factor in properly establishing 516 differences between the RO and other platforms. We expect that the increased sampling rate of 517 the COSMIC-2 follow-on mission will provide a much better picture of the tropical and 518 subtropical SH climatology, which will help us extend the current short-term RO SH record. 
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